Since 2007, livestock-associated meticillin-resistant Staphylococcus aureus (LA-MRSA) has become the predominant MRSA clade isolated from humans in the Netherlands. To assess possible temporal changes, we molecularly characterised over 9,000 LA-MRSA isolates submitted from 2003 to 2014 to the Dutch MRSA surveillance. After an initial rapid increase with a peak in 2009 (n = 1,368), the total number of submitted LA-MRSA isolates has been slowly decreasing to 968 in 2014 and over 80% of LA-MRSA belonged to one of three predominant MLVA/spa-types. Next generation sequencing (n=118) showed that MT569/t034 isolates were genetically more diverse than MT398/ t011 and MT572/t108. Concurrent with the decrease in LA-MRSA, fewer people reported having contact with livestock and this was most prominent for people carrying MT569/t034 LA-MRSA. The proportion of LA-MRSA isolated from infection-related materials increased from 6% in 2009, to 13% in 2014 and most of these isolates originated from patients older than 50 years of age. Remarkably, 83% of these patients reported not having contact with livestock. The results reveal an ongoing change in the genotypic and epidemiological characteristics of Dutch LA-MRSA isolated from humans with the emergence of a LA-MRSA subclade independent of livestock exposure, suggesting LA-MRSA starts to resemble non-LA-MRSA in terms of transmissibility and pathogenicity.
Introduction
Meticillin-resistant Staphylococcus aureus (MRSA) is an important cause of hospital-acquired and community-acquired infections [1] . In 2003, a clonal lineage of MRSA cultured from pig farmers and designated as multilocus sequence typing clonal complex 398 (CC398), emerged in the Netherlands and France [2, 3] .
A large number of countries reported CC398 cultured from animals, revealing a worldwide prevalence [4, 5] . CC398 has been found in pigs and other livestock, such as calves, and poultry [6, 7] , and therefore designated as livestock-associated MRSA (LA-MRSA). LA-MRSA is prevalent in many European countries and LA-MRSA CC398 isolated from humans has become the predominant MRSA clade among isolates submitted for typing in the Dutch MRSA surveillance programme since 2007 [5, 8] .
Despite its widespread occurrence, the number of reported infections with LA-MRSA among humans remains low. In addition, nosocomial transmission of LA-MRSA in Dutch hospitals was reported to be 72% less likely to occur compared with non-LA-MRSA, although outbreaks of LA-MRSA have been described [9, 10] . The reason for this limited transmissibility remains unclear, but several studies suggest that the human innate immunomodulatory genes on bacteriophage φ3 are important genetic markers for the adaptation of LA-MRSA towards humans and humanto-human transmission of CC398 [11] [12] [13] .
LA-MRSA represents a homogenous clade with limited differentiation using typing techniques such as multiple-locus variable number of tandem repeat analysis (MLVA), and staphylococcal protein A (spa-) typing [14] . In contrast, whole genome mapping, and next generation sequencing (NGS), revealed more genotypic diversity and suggested a distinction between livestock-and human-associated CC398 clades, although most studies are dominated by isolates obtained from animals and the human-associated isolates were mostly comprised of meticillin-sensitive S. aureus [12, [14] [15] [16] . Clustering of MLVA profiles was done using a categorical coefficient and the MLVA types are displayed as circles. The size of each circle indicates the number of isolates with this particular type. Colours denote MLVA types that belong to the same MLVA complex, which are also indicated in characters e.g. MC398. Due to the large number of MC398 isolates, representing LA-MRSA, this complex is displayed separately.
In this study, molecular characterisation, including NGS, and epidemiological data of more than 9,000 LA-MRSA isolates submitted to the national MRSA surveillance from 2003 to 2014 were used to assess the characteristics of the most predominant MRSA clade in the Netherlands.
Methods

Bacterial isolates
MRSA isolates, obtained from humans admitted to healthcare centers, were submitted for molecular typing to the National Institute of Public Health and the Environment (RIVM) to the Dutch national MRSA surveillance. All S. aureus isolates were subjected to spa-typing, and MLVA. The MLVA also includes the detection of the genes for mecA, mecC and the lukF gene, indicative for Panton-Valentine leucocidin (PVL) [15, 16] . Isolates belonging to MLVA complex 398 (MC398) were classified as LA-MRSA. All isolates not belonging to MC398 were designated as non-LA-MRSA. The discriminatory power of MLVA was assessed using Simpson's index of diversity, while the determination of the confidence intervals (CI) of the Simpson's indices was calculated as described by Grundmann et al. [17, 18] . Only the first isolate per person per year was included. Medical microbiologists or infection control practitioners filled out questionnaires regarding epidemiological risk factors for MRSA colonisation or infection, including contact with livestock.
Figure 2
Minimum spanning trees based on next generation sequencing of LA-MRSA isolates, the Netherlands, 
Classification of materials
The MRSA isolates were sampled from various materials and sites. Materials were subdivided in four different classes. Swabs from nose and/or throat, and/ or perineum were regarded as material indicative for 'carriage'. Blood, cerebrospinal fluid (CSF), pus, sputum, urine, and wounds were considered as 'infectionrelated' materials. Other human materials were grouped as 'other' and if submitted without information regarding material, they were grouped as 'unknown'.
Next generation sequencing
The first 10 (if available) isolates of the three predominant LA-MRSA MLVA/spa-types from 2003 to 2005 and the first five isolates from 2006 to 2012 were used for analysis by NGS. NGS on these 118 isolates was performed as part of the 100k genome project by Davis University using the Hiseq 2000 [19] . Data were used for whole genome multilocus sequence typing (wgMLST), and single nucleotide polymorphism (SNP-) analysis. wgMLST was performed by SeqSphere software version 2.3.0 (Ridom GmbH, Münster, Germany) using the available wgMLST S. aureus scheme. For SNP analysis, the core genome, of a complete, circular and annotated reference chromosome of a Dutch LA-MRSA isolate was used. SNPs were identified using the CLCbio Genomics Server/Workbench, version 7.5 (CLCbio, Aarhus, Denmark) and SNP data were imported into Bionumerics version 7.5 for analysis (Applied Maths, Sint-Martens-Latem, Belgium).
φ3-specific PCR
We designed the φ3-specific primers based on the φ3 sequence present in reference strain NCTC8325 (CP000253): fluorescently labelled forward primer Sa3-Int-PET-f (TGATTTGTACGGGTTGTC), and the reverse primer Sa3-Int-r (TACTTATGACGTCCATAATGTG). The φ3 primers (10 pmol/µl) were added in our MLVA mix2, allowing detection of φ3 as a 160 bp peak. All LA-MRSA and non-LA-MRSA isolates obtained from August 2012 to October 2013 were tested for the presence of φ3.
Results
Genotypic diversity of LA-MRSA vs non-LA-MRSA
During the study period, we identified 17,079 isolates as non-LA-MRSA and 10,318 as LA-MRSA. Inclusion of only the first isolate per person per year resulted in 9,246 LA-MRSA isolates, and 13,699 non-LA-MRSA isolates to be analysed in this study for the period from 2003 to 2014. Questionnaires were available for 5,958 persons from whom LA-MRSA was isolated during the period from 2006 to 2013.
Genotypic diversity among non-LA-MRSA isolates was higher than LA-MRSA ( Figure 1 ). For instance, MC5 (n = 3,202), the most frequently found non-LA-MRSA MLVA complex, comprised 244 MLVA-types (MTs). In contrast, MLVA yielded only 144 MTs among the 9,246 LA-MRSA (MC398) isolates, resulting in a diversity index (DI) of 0.64 (95% CI: 0.63-0.65). The predominant MT was MT398 (n = 5,111, 55%), followed by MT572 (n = 1,872, 20%), and MT569 (n = 603, 7%). Spa-typing was slightly less discriminatory yielding 120 spa-types (DI = 0.60, 95% CI: 0.59-0.61). Spa-types t011 (n = 5,422, 59%), t108 (n = 1,860, 20%), and t034 (n = 723, 8%) were predominant.
Based on MLVA and spa-typing combined, the three predominant LA-MRSA types were MT398/t011 (n = 5,043, 55%), MT572/t108 (n = 1,742, 19%), and MT569/t034 (n = 594, 6%). These top three types accounted for 80% of all LA-MRSA isolates. No other combination of MT and spa-type accounted for more than 2% of the LA-MRSA isolates.
Panton-Valentine leukocidin and φ3 in Dutch LA-MRSA isolates
The presence of the lukF gene, indicative for the production of the Panton-Valentine leukocidin (PVL), was determined in all 9,246 LA-MRSA isolates, but found in only 23 (0.2%) with a great variety in MLVA/spa-types. Ten of the 23 PVL positives originated from persons younger than 10 years, four of whom were adoption children from China. The proportion of non-LA-MRSA isolates carrying the lukF gene was 26% (n=3,585).
Between August 2012 and October 2013 1,538 LA-MRSA and 3,405 non-LA-MRSA isolates were tested for the presence of φ3. The prevalence of φ3 among LA-MRSA isolates was 2% (34/1,538). There was a difference in φ3 prevalence among the top three MLVA/spa-types; 7% (11/166) in MT569/t034, 2% (13/838) in MT398/t011, and 0.6% (1/180) in MT572/t108 isolates. In contrast, prevalence in non-LA-MRSA was much higher with 80% (2,714/3,405) of all tested isolates carrying φ3.
Whole genome multilocus sequence typing and single nucleotide polymorphism analysis
Both wgMLST and SNP analysis of 118 isolates of the three predominant LA-MRSA types showed that they clustered in three different groups (Figure 2) . Of the 1,864 genes of the S. aureus wgMLST scheme, 1,831 were present in all 118 isolates and used for comparison and tree construction. LA-MRSA isolates belonging to MT398/t011 (n = 45) clustered closely together as did MT572/t108 (n=44) isolates. The average distance between MT398/t011 isolates was allelic variation in 25 genes with a maximum of 60 genes and for MT572/t108, the average distance was 24 genes with a maximum of 52 genes. The closest related isolates of the two groups differed in 145 genes. Compared with MT398/t011 and MT572/t108, the genetic diversity among the MT569/t034 (n = 29) isolates was higher. The MT569/t034 isolates differed on average 34 genes with a maximum of 148 genes. The distances between MT569/t034 and MT398/t011, and MT572/t108 were 102 and 136 genes, respectively.
We identified 7,944 SNP positions in the core genome and used these for comparison. The minimum spanning tree was comparable to the wgMLST tree with groups of closely related MT398/t011, and MT572/t108 isolates and a genetic diverse MT569/t034. The average number of SNPs that differed among members of the MT398/t011 group was 43 with a maximum of 117 SNPs, while the MT572/t108 isolates differed on average in 39 SNPs with a maximum of 80 SNPs between the most distant members. The distance between the closest related isolates of MT398/t011, and MT572/t108 was 274 SNPs.
Decrease in the number of submitted LA-MRSA isolates Figure 3A) . This was most prominent in the province of Noord-Brabant where a decrease of 40% occurred over time. A similar trend was seen for MT572/t108 LA-MRSA, a type predominantly found in Noord-Brabant resulting in a 69% decrease between 2009 and 2014. In contrast, there was a marked increase until 2013 in the number of submitted MT569/t034 isolates that was not restricted to a particular province. In 2014, the number of isolates slightly decreased in the four provinces, but this did not to occur in the rest of the Netherlands. In 2009, 56% of the MT569/t034 isolates originated from NoordBrabant, but this dropped to 26% in 2014 ( Figure 3B ).
Concurrent with the drop in the number of submitted LA-MRSA, a decrease in the number of pig farms in the Netherlands occurred (Figure 4 ). This decline was most prominent in the provinces Noord-Brabant and Gelderland. In addition, the number of people working in the Dutch agricultural sector has declined by 35% between 2000 and 2014 [20] . However, the number of pigs remained stable over time, showing a scale up in the Dutch pig production. 
LA-MRSA related to contact with livestock
Age-distribution among people carrying LA-MRSA
The median age of people carrying LA-MRSA and those carrying non-LA-MRSA was similar at 48 (range 0 to 105 years), and 49 years (range 2 to 103 years), respectively. However, stratification into age groups revealed a large difference between LA-MRSA carriers and non-LA-MRSA carriers ( Figure 7A ). In people carrying LA-MRSA, age categories followed a Gaussian distribution with a peak at 41-50 years. The proportion of infectionrelated isolates increased with increasing age, from 5% in the 0-9 years age group to 44% in the 80-89 years age group. In contrast, there was an almost even age distribution in persons carrying non-LA-MRSA and the proportion of infection-related isolates increased from 18% to 37% in age groups 0-9 years, and 80-89 years, respectively. Remarkably, there was a dip in the age distribution of persons carrying non-LA-MRSA in the age group 11-20 years.
There was a Gaussian age distribution of people carrying LA-MRSA, who reported having contact with livestock, and the vast majority was carriage ( Figure  6B ). The age groups of people carrying LA-MRSA, who reported not having contact with livestock, were also distributed in a Gaussian fashion, but with lower amplitude. The proportion of infection-related isolates was much higher than in the group of people reporting contact with livestock, increasing from 10% in age group 0-9 years to 59% in the age group 80-89 years. In contrast, in people reporting livestock contact, proportions were only 2%, and 21% in these age groups.
Discussion
In this study, we used a collection of more than 9,000 LA-MRSA isolates originating from humans obtained over the years 2003 to 2014. We showed an increase in the number of MT569/t034 LA-MRSA isolates, despite a decrease in the total number of LA-MRSA isolates in the Netherlands in recent years. NGS demonstrated that MT398/t011 isolates and MT572/t108 isolates partitioned in two genetically homogeneous groups, while MT569/t034 isolates did not partition in a single group and were genetically more diverse. Since 2010, humans carrying LA-MRSA less frequently reported having contact with livestock and this was most prominent for persons carrying MT569/t034 LA-MRSA.
The total number of MRSA isolates submitted for typing to the Dutch MRSA surveillance has been increasing since the start of the surveillance programme in 1989.
Since the first finding in 2003, the number of submitted LA-MRSA isolates increased rapidly until 2009 when the proportion of LA-MRSA was 43%. After that, the number of submitted LA-MRSA isolates dropped from 1,393 in 2009 to 968 in 2014 and as a result, the proportion of LA-MRSA decreased to 30% in 2014. Possible explanations for this decrease could be a reduced number of persons exposed to LA-MRSA, since we observed a concurrent decline in the number of pig farms and people working the agricultural sector, although the number of pigs did not diminish. Also, there may be a reluctance of medical microbiology laboratories to submit LA-MRSA isolates as current typing poorly discriminates LA-MRSA, transmissibility between humans is considered to be low, and the perception may exist that infections with LA-MRSA occur only sporadically. However, we observed an increase in the number of submitted LA-MRSA isolated from infection-related materials, and this resulted in doubling the proportion of infection-related LA-MRSA from 6% in 2009 to 13% in 2014 and the majority of infection-related LA-MRSA originated from wounds and sputum. This shows that LA-MRSA is not only successful in colonising humans, but is also capable of causing infections. It also suggests that medical microbiology laboratories that have already assessed that an isolate is LA-MRSA, prefer to submit LA-MRSA isolated from infection-related materials rather than carriage isolates. This is not the case for non-LA-MRSA, as the number of submitted carriage-related isolates is increasing, while the number of infection-related isolates remains unchanged.
Analyses of the NGS data of the three predominant LA-MRSA types revealed three different groups. There was no overlap between the types, suggesting that these LA-MRSA types are three unique and independently evolving LA-MRSA clades. The genetically most diverse variant was MT569/t034, the type that rapidly increased in the Netherlands in recent years. This finding suggests that this particular LA-MRSA variant is more adapting towards humans leading to spread to regions of the Netherlands where LA-MRSA is not the predominant MRSA variant and where density of livestock farms is relatively low. Furthermore, the observation that there was a strong decrease in the number of people who reported having contact with livestock while carrying MT569/t034 LA-MRSA suggests that the spread of this LA-MRSA variant also occurs through routes other than livestock-human transmission. Recently, two studies from the Netherlands showed that a large proportion of the MRSA without known origin belonged to the LA-MRSA clade, corroborating our suggestion that LA-MRSA is capable of spreading without livestock exposure [21, 22] . The φ3 phage, proposed by several studies as one of the markers for the adaptation of LA-MRSA towards humans, was nearly absent in our collection, although φ3 prevalence was highest (7%) among MT569/t034 isolates [11, 12, 23] . This suggests that φ3, at least in the Netherlands, plays a limited role in the adaptation of LA-MRSA to the human host.
Previous studies have shown that carriage of LA-MRSA is strongly associated with working in livestock farms. The Gaussian age distribution of people carrying LA-MRSA who reported livestock contact with most of the isolates from people aged between 21-70 years, i.e. the period when most people have an active working career, corroborates this association. The age distribution curve in people who reported not to have contact with livestock was flatter and had a dip in the age group 11-20 years similar to the dip in the non-LA-MRSA curve. Furthermore, the proportion of infection-related isolates in those who reported livestock contact was lower than in those reporting not to have contact with livestock. In the latter group, this proportion increased with age. The reasons for this remarkable difference in apparent pathogenicity remain unclear. However, it suggests that LA-MRSA are becoming more adapted to humans and start to resemble non-LA-MRSA in transmissibility and pathogenicity.
Our study has a number of limitations. First, all MRSA isolates originated from humans, limiting a comparison between LA-MRSA obtained from animals and humans. Second, we do not know if the question regarding animal contact in the available questionnaires was answered correctly. It could be that patients failed to remember livestock contact or misinterpreted the question and answered not having livestock contact. Third, our study only used the φ3 phage as indicator for animal or human CC398 lineages. Other markers such as tetracycline resistance and canonical SNPs as reported by Stegger et al. could perhaps have provided more differentiation [24] . Finally, we grouped the MRSA isolates in different material classes. However, it is uncertain whether isolates obtained from infection-related materials really caused MRSA infections. For instance, LA-MRSA positive sputum samples could also be the result of a contamination of the sputum sample due to carriage with LA-MRSA in the bacterial flora of the throat.
In conclusion, the emergence of a LA-MRSA subclade transmitted without livestock contact could have important implications for management strategies to control MRSA in healthcare settings. Possible future adaptations in for instance virulence of LA-MRSA could be unnoticed for prolonged periods if different strategies are used. Therefore, careful monitoring of the different LA-MRSA MC398 types through the national MRSA surveillance and a uniform search and destroy policy regardless which MRSA variant, remains necessary.
